This study uses precipitation estimates from the Tropical Rainfall Measuring Mission to estimate the intensity and examine the spatiotemporal patterns in the modes found in intraseasonal timescale over the Indian monsoon region during boreal summer. Here, using multichannel singular spectrum analysis, two dominant modes of oscillations are found in the intraseasonal timescale with periodicity of 10-20-days and 20-60-days, respectively. 20-60-days mode shows northward propagation from the equatorial Indian Ocean linked with the eastward propagating modes of convective systems over the tropics. 10-20-days mode shows very complex structure with a northwestward propagating anomaly pattern emanating from the Indonesian coast moving towards central India. This pattern is found to have a possible interaction with a structure emerging from higher latitudes propagating southeastwards. The two intraseasonal modes contribute comparable amount to the total rainfall variability. The intensity of the 20-60-days (10-20-days) mode show significantly strong inverse (direct) relationship with allIndia June-September rainfall and both the modes exhibit profound variability in their intensity in interannual scale. This study also establishes that the probability of getting good amount of rainfall (no rainfall) over central India increases significantly if the two intraseasonal modes exhibit positive (negative) anomalies over the region. Relation between the ISO intensities and sea surface temperature is also discussed. This study points towards the fact that the knowledge of ISO phases can increase the skill in the probabilistic forecasting of rainfall over India.
INTRODUCTION
Intraseasonal variability (ISV) seen the Indian monsoon is one of the most widely studied topics in monsoon studies in the recent time as it affects the livelihood of more than a billion people in the Indian subcontinent. ISV shows distinctive characteristics of active-break cycles of rainfall with a periodicity of approximately 30-60-days. 1, 2 This essentially indicates that the ISV is associated with certain oscillations, which are called intraseasonal oscillations (ISO) Indian summer monsoon. [3] [4] [5] [6] [7] [8] It is established in many studies that the northward propagating ISOs 7 are often linked with the eastward propagation of convective cloud-bands (Madden-Julian Oscillation) over the equatorial Indian ocean (EIO). [9] [10] [11] Since ISOs are controlled by the chaotic internal dynamics, it can curb the predictability in different timescales. 6, 12, 13 Therefore, understanding the basic spatiotemporal structure of the ISOs observed in the Indian monsoon is imperative at this point, which will eventually advance the seasonal and subseasonal rainfall predictability using dynamical models.
There has been several studies to understand the space-time evolution of the ISOs in Indian monsoon. 3, 6, 14 It has also been shown that the interannual variation in Indian summer monsoon rainfall (ISMR) can be modulated by the ISO modes. [15] [16] [17] However, few argue that ISOs contribute very less to seasonal mean rainfall but they can influence the daily rainfall anomaly over a region. 18 In an recent study, ISO intensity was estimated and it was shown that the rainfall ISO with timescale of 20-60-days depicts a weakening trend in intensity over the last six decades.
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Although the low-frequency ISO were studied extensively in the last few decades, the high-frequency counterpart was overlooked. There were some studies done in understanding the existence of the high-frequency ISO in different components seen in monsoon. [19] [20] [21] But high-frequency ISO in rainfall has not been understood properly. Also, how this mode contributes to the seasonal mean and interannual variability of ISMR needs to be answered for better predictability of seasonal rainfall.
So, some of the many issues that needs immediate attention may be: 1) Space-time evolution of the low-and high-frequency ISOs in Indian monsoonal rainfall, especially the high-frequency modes as there has been very less studies in that direction. 2) A proper measure of the intensities of the ISOs seen in the monsoon rainfall as these intensities can modulate the rainfall anomalies. 3) How central Indian (CI) rainfall is affected by the ISO modes? As central India is the habitat of a vast population and agriculture over there is highly influenced by rainfall.
Since monsoon rainfall is a nonlinear and multiscale phenomena in both space and time, the issues discussed need to be addressed with careful analysis of high-quality data. Therefore, in this work we have adopted recently developed multichannel singular spectrum analysis (MSSA), 22 which is essentially works as a data-adaptive filter. But unlike Fourier-based linear filters, which may be less efficient in understanding a nonlinear chaotic system like monsoon, this technique captures the nonlinear space-time behaviour of the data. Details of the dataset is given the next section. A short description about MSSA is presented in section 3. Results are discussed in section 4 followed by the conclusions and discussions.
DATASETS AND METHODOLOGY

Datasets
We have taken Tropical Rainfall Measuring Mission (TRMM) 3B42 (V7) daily rainfall data for 1998-2014 23 for this study and the data is regridded into 1
• × 1 • using bilinear interpolation. We also use the NOAA (National Oceanic & Atmospheric Administration) OISST (Optimum Interpolation Sea Surface Temperature) version 2 daily data. 24 
Methodology
The analysis has been done of the south Asian monsoon region (10 • S to 35
• N and 60 • E to 110 • E). Daily climatology from the TRMM data has been removed from the every year's daily rainrate at each grid point to obtain the daily anomaly. Then a 5-day moving mean filtering is done to remove any high-frequency fluctuations that may come because of synoptic activity. The 184-days long May-October data every year is then centered and passed into MSSA algorithm to separate out the intraseasonal modes. We have used longer data while MSSA to increase the sample size; but subsequent analysis are done using June-September data.
Multichannel Singular Spectrum Analysis
MSSA has been used to considerably to understand the spatiotemporal behaviour of short and noisy timeseries 22 including monsoon. 8, 18 The advantage of MSSA is that the shape and bandwidth of the filters here depend on the input data and not the user. Details of MSSA can be found in several literature.
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Prior to MSSA, we have performed a standard principal component analysis (PCA) and feed the first 50 PCs (which explain almost 95% of the variance each year) to the MSSA algorithm. Using a window length of 60 days, here, MSSA creates a lag-covariance matrix and diagonalize it. An oscillation can exist in a system if two eigenvalues are almost equal with the associated space-time empirical orthogonal functions (ST-EOF) and space-time principal components (ST-PC) are in phase quadrature. 25 The eigenmodes thus obtained can capture highly nonlinear phenomena and space-time evolution of the oscillatory modes, which may not be seen via standard PCA. Using the ST-EOFs and ST-PCs we can reconstruct individual oscillatory component (reconstructed component; RCs). RCs associated with certain frequency band can be summed up to obtain the filtered data in that band, which can represent highly nonlinear. We have performed a statistical test using 1000-red noise surrogates to avoid any random fluctuation being treated as an oscillation. 22, 26 Also, a modified varimax rotation has been done to overcome the artificial variance compression and physical interpretability. 27 The evolution of the oscillatory modes can be best understood using the phase composites. This is done using the first PC of a particular reconstructed oscillatory mode and calculating the phase angle of the mode.
28 The phase-plane is then divided into eight equal intervals and averaging is done over all occurrences in a particular phase, regardless of the amplitude.
RESULTS
Space-time structure of LF-ISO and HF-ISO modes
Several significant oscillatory modes can be seen with periodicities between 10-60 days when we apply MSSA to the rainfall anomaly data over the Indian region. If we look into the eigenspectrum of 2007 as an example, the leading pair of eigenmodes represent an oscillation of approximately 40-days ( Figure 1 ). There exist another significant pair with a periodicity of almost 16 days. The significant modes with periodicity with roughly 23-and 20-days arise possibly because of degeneracy in the eigen-decomposition and instead of a pair we see a single mode in those timescales.
However, the phase composite diagrams of the reconstructed components associated with more than 20-days periodicity shows northward propagation from the equatorial region, which is sometimes linked with an eastward propagation along the equator (not shown). Hence, for the sake of simplicity, we call the ISO modes with periodicity in the range of 20-60-days as low-frequency ISO (LF-ISO). Again, 10-20-days modes show somewhat different and rather complex characteristics with a westward moving anomaly from the Indonesian coast. Thus, significant modes with periodicity of 10-20-days are called as high-frequency ISO (HF-ISO). The phase composite diagram of these two ISO modes averaged over all the years are shown in Figure 2 .
LF-ISO composite diagram shows a northward propagation from the EIO to the foothills of the Himalayas. The eight phases are essentially circular in nature and they are separated by 4-5-days for LF-ISO and roughly 2-days for HF-ISO. For LF-ISO in Figure 2a , in phase 1, a negative anomaly is generated over the EIO which gradually propagates eastward and gets strengthened in the subsequent phases (phases 2-3). After the anomaly reaches the Indonesian coast a southeast-northwest tilt is formed over the region (phases 2 and 3), which shifts northward in the successive phases. In phase 6-7 this negative anomaly reaches foothills of the Himalayas and weakens in phase 8 with a development of a negative anomaly over western EIO. We can see the similar propagation of the positive anomalies if we start from phase 5. These eight phases essentially represents the active-break cycle over a particular region. Generally, the anomalies are stronger over the oceanic regions than in the land regions.
The HF-ISO mode shows lesser amplitude and smaller spatial scale than the LF-ISO mode as shown in Figure  2b . This mode does not show a maxima over the EIO. However, this mode is also linked to a less prominent eastward movement over EIO. The eastward moving anomaly hits the Indonesian coast and splits into northern and southern branch (phases 1-3). The southern branch disappears, while the northern branch shows two maximas: one over the eastern EIO and the other over the Arabian Sea (AS) (phase 4). In the subsequent phases, the EIO maxima gradually gets intensified and propagates northwestward and the AS maxima shifts northward following the western coast of India. The northwestward moving anomaly is maximum over the Bay of Bengal (BoB) and it loses intensity once it reaches the Indian land.
An important aspect to note here is the revival of the HF-ISO anomalies over northern BoB and Bangladesh region after a decay in previous phases. For example, the positive anomaly is attains its maxima over BoB in phase 6 and then this maxima moves northwestward and weakens (phases 7-8). In phase 1, this positive anomaly reaches the Bangladesh region and shows very less amplitude. However, in phases 2-3 this anomaly gets strengthened and moves eastward. This is quite striking feature and is possibly linked with the mid-latitude interaction as it is seen from the diagram (there is a positive anomaly linked with the northern BoB positive anomaly in phase 1). This requires further attention and beyond the scope of this article.
Given the spatiotemporal behaviour of the ISO modes, it is clear that the low-and high-frequency oscillations in Indian rainfall anomaly shows distinctive features. Thus, we have defined the significant oscillatory modes with periodicities 20-60-days as LF-ISO and 10-20-days as HF-ISO. We define the ISO intensity of each of these two modes as the normalised variance summed up over each ISO timescale (obtained from the eigenvalues of the significant eigenmodes) with that years total variability and define it as the ISO (LF-ISO and HF-ISO) index. As shown in Figure 3 , LF-ISO and HF-ISO intensity show large interannual variability along with the all-India averaged rainfall anomaly. LF-ISO and HF-ISO typically explain almost 17-42% and 8-20% of the total variability, respectively. LF-ISO index shows a significantly large negative correlation with the rainfall anomaly over India, indicating that the LF-ISO intensity is higher in drought years compared to flood years. Whereas, the HF-ISO shows higher intensity during the wet years. A point to note that, higher LF-ISO index for a particular year means that the northward propagations from the EIO region are more coherent and periodic in nature, with the rainfall over the region shows distinct peaks in low-frequency intraseasonal timescale. 
Modulation of central Indian rainfall by ISO modes
A better understanding of the modulation of the central Indian (CI) rainfall by the ISO modes is necessary to understand the dynamics of the rainfall over the region as well as for the prediction purpose. Here, we have considered CI (18 • -26
• N and 75
• -82
• E) averaged rainfall anomaly (June-September seasonal rainfall over CI is well-correlated with ISMR (R =0.75; significant at 5% level)) and investigated how this rainfall is modulated by the phases of LF-and HF-ISO. First, the days when the CI averaged rainfall is more than +1 (less than -1) standard deviation is identified and they are designated as +1 (-1) rainfall events. Then we have determined on which LF-ISO or HF-ISO phase (of the eight phases as shown in Figure 2 ) these +1 (-1) events have occurred during June-September. Figure 4a shows the distribution of +1 events over CI in different ISO phases. It is quite clear that the +1 events are mainly dependent on the LF-ISO phases and 60% of the total +1 events occurred in LF-ISO phases 2-4, when there exists a positive anomaly of LF-ISO over CI region. However, it can be also seen that the +1 events are influenced by the HF-ISO phases, but with comparatively less impact. It is important to note that the +1 events occur most when both the LF-ISO and HF-ISO are favourable, i. e., LF-ISO phases 2 and 3, and HF-ISO phases 8 and 1.
The -1 events are also modulated by the ISO phases as seen in Figure 4b . In this case also, over 60% of the -1 events occurred in the LF-ISO phases 5-7, when the CI region is covered with negative LF-ISO anomaly. However, -1 events are also modulated by the HF-ISO modes. Phases 4 and 5 in HF-ISO are the time when there exist negative anomalies over CI region. In these HF-ISO phases, even when LF-ISO is not favourable for -1 events (LF-ISO phases 3 or 4), there is a good probability of a -1 event to occur. Again, in LF-ISO phases that are favourable for -1 events (for example, say, 6 and 7) we see a reduction of probability that coincide with HF-ISO phase 7. That is because phase 7 of HF-ISO is associated with the positive anomaly over CI region. Essentially, although LF-ISO modes play the major role in determining the rainfall over CI, HF-ISO also modulates the rainfall over that region. Similar to +1 events, the probability of occurrence of -1 events is maximum when LF-ISO and HF-ISO both are favourable, i. e., LF-ISO phases 6 and 7, and HF-ISO phases 4 and 5.
It is evident that the rainfall over CI is modulated by both the ISO modes. It has been shown that the break conditions over the monsoon zone can be "an interesting phase locking phenomenon" when the ridges of high pressure associated with low-and high-frequency ISOs appear simultaneously over the region. 29 Here also we see that the occurrences of the +1 or -1 events are dependent on the two ISO modes and probability of the occurrence of these events is maximum when both ISO modes are favourable.
Dependence of ISO phases to each other
A natural question arises whether the ISO phases are interlinked to each other; in other words, if there is any correspondence between the two ISO phases. This is represented in Figure 5 . It is evident that the LF-ISO has twice the periodicity of the HF-ISO mode. There is a variability in probability of occurrences of HF-ISO phases in LF-ISO phases and there exist an interlink between the two ISO modes. For example, if the LF-ISO is in phase 4, then the most probable HF-ISO phase is 3. Similarly, every LF-ISO phase has a favourable HF-ISO phase. It is not clear at this point how this linkage happens and which mode creates conducive environment for the other ISO mode to occur. This requires very careful analysis to the dynamics of these modes.
ISO-SST correlation
The ISO intensities over the Indian region is highly correlated with the total ISMR over the region. Again, the ISMR is negatively correlated with the SST over the Niño-3.4 region. So, it is quite natural to ask whether the ISO intensities are correlated with the SST over the eastern Pacific region. It is quite clear from Figure 6 that the LF-ISO intensity is significantly positively correlated with the eastern Pacific SST. Which implies that the El-Niño-like situation is favourable for the LF-ISO to become more vigorous. Again, La-Niña-like conditions are more suitable for the HF-ISO mode grow. It is important to note that the correlations over the eastern Pacific region is not maximum over the equator for both the ISOs. The correlation values attain maximas slightly in the off-equatorial locations and for LF-ISO case, the positive correlations stretch over the entire American coastlines. It also observed that the southern Indian ocean have a negative correlation with the LF-ISO intensity over the Indian region. However, the northern Indian ocean (BoB and AS regions) does not show any significant correlations with any of the ISO modes. The equatorial Indian ocean shows a correlation with the ISO modes. It can be seen that the positive Indian Ocean Dipole (IOD)-like conditions, 30 where the SST is warmer in the western Indian Ocean relative to the east, is favourable for strong HF-ISO modes over Indian region. Whereas, negative IOD-like situations are conducive for stronger LF-ISO intensity in a season. These association may play important role in modulating the interannual variability of ISO modes and ISMR. A proper assessment is required in this direction, possibly using numerical simulations to understand the physical mechanism behind these relations.
CONCLUSIONS
In this study we have investigated the ISO modes (low-and high-frequency intraseasonal modes) present in the Indian monsoon rainfall. Although the low-frequency mode has been studied extensively in the past few decades, the structure of the high-frequency mode has been overlooked. Using MSSA we have extracted these modes from anomaly data and presented the spatiotemporal structures. LF-ISO mode is associated with a northward propagation from the equatorial Indian Ocean, which is essentially linked with the eastward movement of convection. The HF-ISO mode shows complex structure with northwestward propagation form the Indonesian coast towards Indian region. We also observe a possible mid-latitude interaction with this mode over east-central India. The amplitude of these modes are higher over the oceanic region compared to the land. We have also defined the ISO intensities bases on the eigenvalues obtained from the MSSA and found these modes show large interannual variability; however, these modes can together explain almost half of the total variability (5-days smoothed data). LF-ISO intensity is inversely correlated with the total rainfall anomaly over India. Whereas, HF-ISO intensity is directly correlated with the ISMR.
We have also shown that the CI rainfall is highly modulated by the ISO modes, with LF-ISO mainly driving the rainfall over the region. Essentially, rainfall occurs over the central Indian region when bot the ISO modes create a favourable condition. On the other hand, the negative anomalies are also driven by both the ISO modes over CI. We also found that the LF-ISO and HF-ISO modes posses an association: a certain LF-ISO mode is favourable for particular HF-ISO modes and the other way round. But we need further analysis to confirm which ISO mode affects the other and how they are driven by each other.
The seasonal LF-ISO intensity is associated with El-Niño-like situation, where SST over the eastern Pacific increases and less rainfall is observed over India. Also, negative IOD-like conditions are favourable for strong LF-ISO variability. On the other hand, HF-ISO intensity is positively correlated with La-Niña-like conditions, when the rainfall over India is larger than the average. Positive IOD-like conditions are favourable for strong seasonal HF-ISO intensity. We also note that the southern Indian Ocean SST is negatively correlated with the LF-ISO intensity.
We have presented the spatiotemporal structures of the ISO modes and their discussed the interannual variability in their intensity. We have also investigated how the CI rainfall is modulate by the ISO modes and estimated the probability of occurrence of a certain HF-ISO mode in a given LF-ISO mode. We also show how SST is correlated with the ISO modes. These results open up new questions that warrants careful attention. We need to understand the dynamics behind the association between these modes and if SST plays any role in modulating the intensities of ISOs over the region as this can improve the predictability of rainfall over the region. Also, we have not taken care of the synoptic-scale features, which can explain a large variability in seasonal rainfall anomaly. The relationship between the ISO modes and the synoptic features can be important in regional rainfall predictions in short to medium range.
